Degradation of genipin (GP), a low toxicity natural protein crosslinking agent, in aqueous solution was monitored by HPLC at various pH levels. Degradation of GP was consistent with a mechanism consisting of a first order reaction with a reversible first step. Formation of the intermediate was slowest at more neutral pHs while formation of the irreversible product was correlated to increasing alkalinity. Degradation at all pHs was enhanced by the presence of phosphate ions. Degradation of GP most likely proceeds via the reversible opening of the dihydropyran ring by water followed by irreversible polymerization of the intermediate. Degraded solutions containing no detectable GP or intermediate, however, are still capable of crosslinking proteins.
Genipin (GP), whose structure is depicted in Figure 1 , is the aglycone of geniposide [1, 2] , an iridoid glycoside that is a major component of the fruit of the gardenia plant, Gardenia jasmindides Ellis. GP is a potent and yet relatively non-toxic [3, 4] crosslinker of proteins [5] and has elicited a great deal of interest in areas as diverse as tissue engineering [4, 6] , biomechanics [7, 8] , forensics [9] and leather tanning [10] . In addition, GP may be a promising therapeutic for the treatment of type-2 diabetes [11] . Although a complete chemical synthesis of GP has been reported [12] , the process is not commercially viable and GP is still produced from plant-derived geniposide by enzymatic deglycosylation [13] . In order for GP to be utilized in both pharmacological and non-pharmacological applications, some information on the stability of GP in aqueous solution would be valuable as a basis for the design of both products with acceptable shelf lives and crosslinking reaction schemes. Although it has been reported that GP is particularly labile under both acidic [1] and alkaline conditions [14, 15] , its degradation kinetics have never been studied in detail. This paper reports on the stability of GP in aqueous solution.
When GP was incubated at 24 o C and pH 9 it degraded rapidly ( Figure 2 ), but did not appear to obey the first order rate law since the correlation coefficient obtained from an exponential fit (Figure 2, broken line) was only 0.9952. The first order equation approximated the data obtained at later time points but deviated substantially in the earlier samplings.
A number of possible reaction mechanisms might better describe this data, including that of a sequential reaction with a reversible first step as depicted in Equation 1.
(1)
In this reaction GP is converted into a hypothetical intermediate (GP*) which can either reform GP or be degraded to a second product (X) in an irreversible step. The kinetics of such a reaction are governed by three kinetic constants; k 1 for the conversion of GP to GP*, k 2 for the reversion of GP* to GP and k 3 for the breakdown of GP* to X.
This reaction is described mathematically by equations 2-6, and thus the concentration of the three molecules in this reaction scheme can be determined using equations 2, 3 and 4 respectively [16] , which express the concentration of each molecule at time t with respect to the starting GP concentration ([GP] 0 ) and the three rate constants.
(2)
Where:
To determine rate constant values, data was fitted iteratively to Equation 2 using Octave software. This produced an accurate fit (R 2 =0.99994) with values of 0.52, 1.24 and 0.99 hr -1 for k 1 , k 2 and k 3 respectively ( Figure 2 , solid line), suggesting that Equation 2 is a more accurate description of GP degradation than simple first-order decay. A wavelength scan of the degraded GP sample did not reveal the presence of new light-absorbing species in the 200-900 nm range and so subsequent experiments were limited to measuring the disappearance of GP and not the appearance of GP* or X. GP degradation was strongly influenced by pH and was more rapid under alkaline conditions ( Figure 3 ). Interestingly, however, while stability increased with increasing acidity from pH 9 to 6, stability at pH 4 and 5 appeared to be comparable to that at pH 7. These experiments were repeated several times at each pH and the average value of each rate constant and the half-life (t ½ ) of GP under each condition were determined ( Table 1 ). These data suggested that this effect was due to a relative increase in the k 1 rate constant at pH 4 and 5 relative to pH 6 and that the apparent decrease in stability observed under the more acidic conditions was due to a more rapid establishment of the GP/GP* equilibrium and not to irreversible degradation. In fact, the k 3 constant decreased substantially at pH 4 and 5, suggesting that irreversible degradation might indeed be slower under the more acidic conditions. The experimentally determined values for the three constants were used to plot theoretical curves for the degradation of GP at the various pHs ( Figure 4 ). This indeed showed that at longer time scales GP was more stable at pH 4 and 5, due to the reduction in the magnitude of k 3 . This also demonstrates that the concentration of GP at any given time point does not truly reflect the stability of GP since GP* can reform GP instead of being permanently converted to X. It is therefore the sum of [GP] and [GP*] that determines the amount of irreversible degradation that has occurred. Figure 5 : Calculated long-term permanent GP degradation curves. Since GP* is not a permanent breakdown product of GP, the actual breakdown was calculated by determining the loss of both GP and GP* over time using experimentally determined rate constants (Table 1 ) and Equations 2 and 3.
The concentration of GP + GP* was calculated at various time points to obtain curves ( Figure 5 ) and halflives ( Table 1 ) that describe the true irreversible degradation of GP and demonstrate a clear and direct correlation between pH and GP stability from pH 4 to 9.
It was previously shown that GP crosslinking is enhanced by the presence of phosphate ions [17] . It was therefore investigated whether they could also affect stability. GP was incubated in the presence or absence of phosphate at pH 7, 8 or 9 and its degradation monitored. In it's presence degradation was still consistent with the mechanism of Equation 1 (R 2 > 0.999 in all cases), but was more rapid in all cases. In general, phosphate increased the magnitude of each rate constant by approximately 1.5 to 3-fold, resulting in decreases in half-lives of 45-70% (Table 2 ). There was no apparent correlation between the changes in the rate constants or half-lives and pH. As expected, GP stability increased when a sample was frozen and stored at -20 o C ( Figure 6 ). The degradation was still consistent with the mechanism of Equation 1, although the fit was not as close as in previous experiments (R 2 = 0.998). This was probably due to experimental errors from the use of an external calibration standard to quantify GP concentration at each time point since this experiment was conducted over a period of 4 months and not in a single run. The values for k 1 , k 2 and k 3 determined from this experiment were 0.667, 1.110, and 4.849x10-3 hr -1 respectively under these conditions. When compared to the average values obtained from identical samples stored at 24 o C ( Table 2) , the k 1 and k 2 rate constants decreased by only 0.36-and 0.82-fold respectively at -20 o C. The k 3 constant, however, appeared to be substantially more sensitive to temperature and was reduced 515-fold. These decreases in rate constant increased the apparent half-life of GP under these conditions from 1.3 hours for an equivalent sample stored at 24 o C to 124 hours, a 96-fold increase. The actual GP half life (i.e. GP+GP*), however, increased 221-fold from 1.7 hours at 24 o C to 382 hours.
GP reaction with amines is thought to occur via a nucleophilic attack by the free N-electron pair on the olefinic carbon of the dihydropyran ring [18, 19] , resulting in ring opening and reclosure to incorporate the amine nitrogen. Crosslinking then proceeds via polymerization. It has also been suggested that since GP contains a cyclic hemi-acetal in its dihydropyran ring it may be susceptible to reversible attack and opening by water [20] to form aldehydes (Figure 7) . Breaking of the dihydropyran ring in alkaline solution has been confirmed experimentally by Mi and colleagues, who also demonstrated that ring-opened GP is capable of polymerization by aldol condensation [14] . However, while Mi et al reported that ring opening and subsequent polymerization occurs only at very high pH levels (i.e. 13.6), our data suggests otherwise. Closer inspection of their data, in fact, shows that the absorbance at 240nm of GP solutions prepared at different pHs follows the order 7.4>5>1.2>9, i.e. similar to the "apparent" GP stability observed here.
Possibly the degradation of GP at lower pH was previously overlooked due to the extremely high degradation/polymerization rate observed at pH 13.6. While this paper [14] does not report the incubation times used before spectral analysis, the authors do state: "Because polymerization of genipin at strong base (pH 13.6) was quick (the color of aqueous genipin changed from transparent to brownish immediately), its intermediate reaction could only be examined at a lower temperature." It is therefore possible that the intermediates and products of degradation were not observed previously because their formation rate at lower pHs was too slow to allow their detection upon subsequent analysis. In fact, given sufficient time, the "browning" of GP solutions was observed at all pHs reported here, including at pH4 at -20 o C after 6 months (data not shown). The data therefore, suggest that GP degradation by reversible ring opening and subsequent polymerization is a phenomenon that occurs at all pH levels, albeit with dramatically different kinetics.
While the chemical identities of both GP* and X have not been determined, in light of these previous studies, it seems likely that GP* represents the open-ring structure of GP while X represents the first irreversible product of the polymerization process. It should be noted that our data are also consistent with a mechanism where GP is converted to GP* via multiple reversible steps through one or more additional intermediates. In such an instance, our k 1 and k 2 rate constants would describe a simplification of a more complex equilibrium, but would nevertheless be valid.
Interestingly, the GP sample that had been stored at -20 o C for 131 days was still capable of crosslinking proteins even though it contained no detectable GP ( Figure 6 ). The resistance of insoluble protein matrices to enzymatic proteolysis increases with the extent of crosslinking [21] , due to the increased number of scission events required to release soluble peptide fragments and a decrease in the steric accessibility of the protease to its substrate. Such a protease protection assay was used to indirectly measure the ability of GP to crosslink the insoluble collagenous tissue of the annulus fibrosis of bovine spinal discs.
Treatment of tissue with a fresh solution of 0.25 mM GP resulted in a 93% decrease in the proteolysis of the tissue. The 131-day sample originally containing a 10 mM solution of GP was diluted 40-fold to produce the equivalent of a 0.25 mM solution. While this sample contained no GP by HPLC it was still capable of decreasing proteolysis by 67%.
Since the concentration of GP in the 131-day sample was below the detection limits of our assay, the levels of both GP and GP* were calculated using Equations 2 and 3 and the experimentally determined values for the three rate constants. The GP content of the sample was 21 µM while the GP* concentration was 12 µM, giving a total of 33 µM. Since the sample was diluted 40-fold prior to use, the final concentration of GP and the reversible intermediate in the crosslinking reaction was therefore less than 1 µM. The crosslinking activity of low concentrations of fresh GP was then determined under the same conditions ( Figure 8 ) and, at the lowest concentration tested (25 µM), GP was only able to retard proteolysis by 13% compared to the 67% by the aged, <1 µM sample. This suggests that X and/or further downstream products are still capable of crosslinking proteins leading to the speculation that X corresponds to polymers of ring-opened genipin reported previously [14] , and crosslinking is due to the reaction of aldehydes present in the polymer termini with the protein.
Experimental
Genipin was purchased from Challenge Bioproducts Co., Ltd. (Taiwan). All other reagents were purchased from Sigma.
HPLC Analysis: Analysis of GP was an adaptation of previous methods [3, 22, 23] and conducted using a Hewlett Packard Series 1050 HPLC and an Agilent Extend C-18 column fitted with a guard cartridge. The column was equilibrated in 40% methanol/0.1% perchloric acid and run isocratically in the same buffer.
For short-term kinetic studies, 50 µL of a solution of freshly prepared 1 mM GP in buffer was injected onto the column. The sample was incubated at 24 o C and further 50 µL aliquots injected and analyzed at regular intervals thereafter. The magnitude of the intervals was determined by the rate of GP degradation under the given conditions. The samples were run for 10 minutes at 1 mL/min and absorbance was monitored at 240nm. GP eluted at approximate 6.7 minutes. Peak integration was performed using Chemstation version A.09 software at default settings. Data were normalized by dividing by the peak area of the t=0 sample.
Buffers were selected to contain no amines, which could react with GP and thus complicate results. All buffers used in the pH studies were 100 mM sodium acetate (pH 4), sodium cacodylate (pH 5), MES (pH 6), MOPS (pH 7), and EPPS (pH 8 and 9). In experiments containing phosphates, the appropriate buffers were supplemented with 100 mM sodium triphosphate.
A long term -20 o C stability experiment was conducted with a 10 mM solution of GP in 100 mM EPPS/ 100 mM sodium triphosphate, pH 9. A sample of the solution was diluted 10-fold with water and analyzed as described above while the remainder was divided into aliquots and frozen at -20 o C. An aliquot was thawed, diluted and analyzed at regular intervals over 4 months. In addition, before each GP analysis, a 50 µL aliquot of freshly prepared 0.5 mM uracil in water was also analyzed using the GP method as a calibration standard. The peak area of each GP peak was normalized by dividing by the area of the uracil peak produced on the same day of analysis and then by the normalized peak area of the t=0 sample.
Half-lives were calculated iteratively using an algorithm programmed into custom Visual Basic script to determine the time at which the concentration of either GP or GP+GP* equaled 0.5.
Tissue Crosslinking: Crosslinking and analysis of bovine annulus tissue by GP was conducted as described previously [24] . Crosslinking was conducted on 20-25 mg of homogenized bovine annulus fibrosis per duplicate sample at 37 o C for 1 hour with shaking in the presence of 0.5 mL of crosslinking solution. Crosslinking solutions consisted of either various concentrations of fresh GP in 100 mM EPPS/100 mM sodium triphosphate pH 9 or a 1/40 dilution into the same buffer of degraded 10 mM GP.
